Chagas disease, also known as American trypanosomiasis, is a chronic and systemic parasitic infection which has become a serious epidemiological problem not only in endemic regions (Latin America), but also in nonendemic ones like North America, Europe, and Oceania. Subjects with the indeterminate chagasic form (ICF), a chronic asymptomatic disease stage, are the main sources of non-vectorial dissemination through blood transfusion, organ transplantation, and congenital transmission. It has been suggested that 94% of urban infections can be explained by these subjects. Under this scenario, the availability of simple and effective screening methods for ICF detection becomes crucial for both prevention of disease propagation and detection of clinical stages. Recently, a new non-invasive method has been proposed for ICF detection. It is based on surface high-resolution ECG and it could be easily adopted and included in modern ECG devices, overcoming the limitations of serological-based tests. The proposed method shows accuracy for early ICF screening, thus improving prognosis by defining the clinical stages and allowing appropriate and effective treatment.
Background
Chagas disease (ChD), also known as American trypanosomiasis, is a chronic and systemic parasitic infection caused by the hemoflagellated protozoan Trypanosoma cruzi. Currently, around 8 million people are infected worldwide according to the World Health Organization [1] , with an estimated economic global cost of more than 23 billion dollars [2] . It is endemic in 21 countries of Latin America [1] , where it is principally transmitted by the feces of triatomine bugs after blood-feeding on human hosts. Although only this region has been historically affected, continuous migration from rural to urban areas as well as outside Latin America has widely spread the disease to non-endemic areas. Regions like Europe, Oceania, East Pacific Ocean countries, and North America are registering an increasing number of ChD disease patients in their populations [3] . Its impact has been compared to the burden of HIV/AIDS disease in Latin America [4] and has been recognized as a new global health problem [3] [4] [5] . In non-endemic regions, the transmission occurs by non-vectorial mechanisms, and it is known as urban Chagas, which mainly occurs by blood transfusion and organ transplantation, and also by congenital transmission known as the vertical route [6] , primarily from undiagnosed asymptomatic carriers. Increasing numbers of patients detected by routine screenings of blood banks or organ banks in the USA led to the implementation, in early 2007, of the first diagnostic test for Chagas disease approved by the Food and Drug Administration for use in the USA [7] . It has been suggested that around 94% of new infections of urban Chagas occur from subjects with the indeterminate or chronic asymptomatic chagasic form (ICF) [8] .
Transmission of Trypanosoma cruzi through the placenta, which leads to congenital Chagas disease, has also been well documented. The first to describe a congenital case was Dao in Venezuela in 1949. Afterwards, congenital ChD cases were reported by numerous authors reviewed in [9] [10] [11] [12] . This type of transmission has become particularly important in non-endemic countries, which in recent years received a large influx of immigrants, including many with Chagas disease, with a large number of women of childbearing age, who would contribute in new congenital cases [13] . However, in endemic regions this form of transmission is still very important, especially where vector transmission has been interrupted; thus, in endemic areas, congenital ChD cases generate new cases. According to a 2015 World Health Organization report, it was estimated that in Argentina, for instance, there are 211 102 chagasic women of childbearing age and congenital transmission reaches 1457 cases per year, being greater than the vector transmission, which is estimated at 1078 new cases per year [14] . Moreover, early diagnosis in these congenital cases is crucial in treating infected children in the first years of life.
Chagas disease is manifested in 2 stages: acute and chronic. The first is a short-term clinical stage produced after the parasite enters the body and lasts for 4-8 weeks; its course is generally asymptomatic and in a small number of cases causes death by severe myocarditis and meningoencephalitis, especially in children [15] . The chronic stage is a long-term clinical condition that can persist for decades, having 4 different forms: indeterminate, cardiac, digestive, and cardio-digestive. From these forms, the ICF is defined as a combination of infection (which can be confirmed by either serological or parasitological tests), a normal chest radiograph and electrocardiogram (ECG), a normal barium swallow and enema, and the absence of clinical signs and symptoms of disease [16] [17] [18] . This disease stage can persist for 10-30 years or can be lifelong while the subject can remain undiagnosed. Thus, subjects with ICF can be one of the main dissemination sources of the disease by means of vertical route and/or blood or organ donation. In addition, only 30-40% of ICF cases evolve into some of the other chronic stages with clinical and detectable evidence of cardiac, digestive, or cardio-digestive symptoms.
Discussion
Current diagnosis techniques applied for T. cruzi detection are based on blood samples analyzed in a clinical laboratory. The applied method differs depending on the infection stage. For instance, in the acute stage, high parasitic burden leads to the direct use of microscopic-based methods for detection of the parasite in blood samples. In the chronic stage, where high levels of anti-T. cruzi IgG antibodies are present in serum, indirect methods are used. According to Haberland et al. [19] , the most commonly used methods are ELISA test (sensitivity=94-100%, specificity=96-100%), indirect hemagglutination (HAI, sensitivity=88-99%, specificity=96-100%), and indirect immunofluorescence (IFI, sensitivity=98%, specificity=98%). Despite being highly sensitive and specific, serological tests can have some cross-reactivity, for example if the patient presents other kinetoplastid infection with intracellular parasites or bacterial diseases (e.g., malaria or toxoplasmosis) and with some autoimmune conditions such as rheumatoid arthritis and systemic lupus erythematosus [20] . Aiming to avoid false-negatives and false-positives, at least 2 different serological methods or 2 ELISA tests with different antigens are required to confirm the diagnosis. However, since ICF subjects do not manifest any sign or symptom, they are reluctant to perform a "just in case" serological test. In addition, conventional serological methods are mainly available in large urban centers, while in endemic regions, ChD infections occur in small and remote towns or in urban areas that lack laboratory infrastructure or qualified staff [21, 22] . Moreover, given the fact that serological tests are commonly conducted in urban centers, blood sample transportation to a central laboratory is compulsory and crucial. Serological testing of blood samples from remote areas not only requires expensive equipment and supplies, but also a cold-chain storage procedure to keep the samples in good condition prior to the test. In Latin America, ChD is mainly confined to poor and remote regions, and fulfilling these requirements is difficult. On the contrary, in nonendemic regions such as Europe and North America, chagasic subjects predominantly live in large urban areas. Moreover, serological tests are not routinely applied, thus the indeterminate asymptomatic subjects remain undetected, consequently increasing the disease dissemination potential. These scenarios require new diagnostic assays both in acute and chronic stage, as well as methods to confirm parasitic absence in cured patients [21] . They should be cheap and easy to implement to facilitate and encourage their use in routine clinical visits, in order to provide early diagnosis of ChD. It is acknowledged that early diagnosis is crucial for a successful antitrypanosomal therapy. Nevertheless, early detection of ChD is rare and, as a consequence, early treatment of asymptomatic individuals is highly underused [23] . In addition, early-diagnosed subjects have better prognosis and the proportion of patients cured after drug treatment decreases with the duration and severity of the infection [24] . For instance, according to Rassi et al. [23] , anti-trypanosomal drug therapy cures the infection in 50-80% of patients in the acute stage of disease and this rate diminishes to 20-60% for the indeterminate chronic form and becomes even lower for cardiac, digestive, or cardio-digestive chronic cases. Furthermore, subjects with the ICF (ie, with normal ECG) have good prognosis, with mortality rates similar to non-chagasic cases [25] . Thus, early detection of ICF individuals could not only allow the possibility of early cardiological treatment, but also reduce parasitemia levels in the patients and avoid their evolution to more severe disease stages by proper antitrypanosomal therapy.
The parasite Trypanosoma cruzi has a predilection for muscles (including myocardium) and ganglion cells [26] , which are often destroyed [20] and can produce alterations of the cardiovascular system leading to chronic chagasic cardiomyopathy (CCC). This cardiomyopathy is the most important clinical aspect of ChD due to its frequency and severity [17] ; therefore, electrocardiography has been recognized as one of the single most effective examination techniques for patients with CCC [16] . In the last decade, useful high-resolution ECG (HRECG) methods have been developed for clinical assessment of ChD, including beat-to-beat analysis of QRS complex durations [27] , 3D vectorcardiographic assessment from orthogonal HRECG channels [28] , ventricular late potentials analysis using averaged HRECG [27] , and prognostic value and risk stratification of ChD patients using averaged HRECG [29] . Electrocardiographic abnormalities during the course of the disease are the first clinical evidence of disease progression. However, heart involvement is mainly detected in the chronic evolved stages of the pathology, since the disease generally is asymptomatic in the early stages and the onset of ECG alterations remain undetected [30] . At present, there are no determinants of progression of the disease from the indeterminate Chagasic form to more severe stages described [18] , nor is there electrocardiographic evidence in standard 12-lead ECG that could guide early detection of ICF subjects. Furthermore, it has been acknowledged that ECG techniques are powerful tools for the screening of CCC in asymptomatic patients with previously proven myocardial involvement using cardiac magnetic resonance imaging (MRI) [31] . However, the early detection of the ICF has been elusive. Hence, the availability of a portable device that can provide evidence of the disease is highly desired, since it could trigger confirmation through other more sensitive but complex methods such as serological testing.
It is important to note that the absence of ECG disturbances in the early indeterminate chagasic form do not imply an absence of functional disorders. However, a normal 12-lead ECG result indicates a favorable prognosis for a patient when compared to ECG-altered ones [30] . Although the subject could have a normal ECG, significant functional abnormalities in the chronic ICF was experimentally demonstrated [32, 33] . Thus, searching for disease conduction disorders on ECG, several researchers used HRECG for asymptomatic chagasic identification of subjects. Early attempts using QRS slopes found potential disturbances in myocardial conduction in a chronic asymptomatic ICF cohort [34] . Mainly, alterations exposed in the downward slope of the QRS complex were reported. Similarly, in a report using the high-frequency components of the QRS (an index also reflecting conduction propagation through the myocardium), a weak relationship between healthy and ICF subjects was reported [35] . However, these methods fail in early disease detection and lack appropriate validation.
Recently, a novel high-resolution ECG-derived index called VLFCI (very low-frequency correlation index) was proposed and evaluated in a database of chagasic patients, suggesting a differential behavior between healthy and ICF individuals [36] . The index was assessed and validated [37] , from which a simple and easy VLFCI-based algorithm for early detection of subjects with asymptomatic ICF was presented. The method is simple enough to be implemented in commercial ECG devices (such as Holters or clinical electrocardiographs) as a routine screening test. Moreover, it could introduce a point-of-care solution for the early identification of ChD, overcoming the strong limitations of serological tests for diagnosis in difficult-to-access rural areas (a common problem in endemic regions). The method is fast and takes just 7 minutes of ECG record acquisition. Its implementation in portable devices could result in a lowcost solution to ChD screening, since no reactives or supply chain is required for its use.
Subjects with ICF could benefit most, since early detection implies a better therapy outcome. By means of the proposed algorithm, indeterminate-form ChD patients could be screened quickly, easy, and in situ. The method is based on the evaluation of the correlation between very low-frequency spectral bands from HRECG time series using the orthogonal lead system, allowing identification of 68.4% of subjects with ICF, with ~84% confidence (positive predictability). In this context, the proposed method is able to detect a population prone to potential disease dissemination and at the same time a population that could benefit from adequate therapy leading to higher chances of cure.
It is worth pointing out that the method is not able to replace conventional blood-sample tests. However, it leads to massive and fast in situ screening for the disease, requiring post-confirmation by conventional serological techniques. Although this latter analysis can be determinate in detecting a Trypanosoma cruzi infection, they are difficult to implement in endemic regions and are not routinely conducted in many non-endemic countries. Hence, massive ChD screening could be crucial in terms of early disease identification in both endemic or nonendemic regions. The availability of an automatic screening method for ICF could positively impact early treatment of ICF subjects by providing better prognosis and potentially preventing irreversible organ damage. Such a screening technology could also improve public health management by help control ChD propagation.
Conclusions
To the best of our knowledge, this is the first report on the use of the VLFCI and ECG to diagnose individuals with ICF. More importantly, it can be used as a simple screening/classification tool to help physicians detect the disease in the early stage. By appropriate statistical modeling and covariance structure definition, we have validated the VLFCI findings. Results obtained from 2 separate datasets coming from different populations and different recording devices suggest the reliability, appropriateness, and reproducibility of the test, since VLFCI estimated values from both datasets shared similar distribution ranges. Nonetheless, the proposed methodology requires validation in larger-scale datasets and further experiments to better define VLFCI parameters, thus allowing improvements in screening performance. Due to the lack of proper high-resolution ECG databases, future validation will demand the development of new databases with careful attention to the recording protocols and characteristics of the recording device. For proper assessment of the VLFCI, we strongly recommend the use of high-quality ECG devices to acquire noiseless records.
